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REVIEW
 CURRENT
OPINION Nutriepigenomics: the role of nutrition in

epigenetic control of human diseases
1363-1950 Copyright � 2015 Wolte
a b c a
Marlene Remely , Barbara Stefanska , Luca Lovrecic , Ulrich Magnet , and
Alexander G. Haslbergera
Purpose of review

Nutrients or even diets affect the epigenome by lifelong remodeling. Nutritional imbalances are associated
with noncommunicable diseases. Thus, nutriepigenomics is a promising field in the treatment of complex
human diseases.

Recent findings

The epigenome is susceptible to changes and can be shaped by nutritional states, especially in prenatal
period through transgenerational mechanisms and in early postnatal life when critical developmental
processes are taking place. Although more stable, the epigenetic marks in adulthood are also dynamic
and modifiable by environmental factors including diet.

Summary

The present review is focused on the most recent knowledge of epigenetically active nutrients/diets
including transgenerational inheritance and prenatal predispositions related to increased risk for cancer,
metabolic syndrome, and neurodegenerative diseases.
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INTRODUCTION

Nutrition, the intake of food, influences all proc-
esses essential for the maintenance of life and
health, for example, body heat, muscle activity,
growth, and immunity [1]. Conventional, nutri-
tional research focuses on guidelines of sufficient
daily intake of nutrients to prevent deficiencies and
to promote human health, although complex dis-
eases are not only a result of insufficient nutrient
uptake or the lack of energy expenditure but also
depend on the interaction of nutrients with DNA.
The term ‘nutriepigenomics’ describes these inter-
actions, meaning the study of nutrients and their
effects on human health through epigenetic modi-
fications defined as stable heritable patterns of gene
expression occurring without changes in the DNA
sequence [2]. These epigenetic patterns include
interacting components at transcriptional level,
DNA methylation and histone modifications, and
at the post-transcriptional level, RNA interference
[3–6]. In addition, to the nutrition of an individual,
we have to consider also transgenerational, prena-
tal, and postnatal effects as epigenetic alterations at
critical time points during development can result
rs Kluwer Health, Inc. All rights rese
in stable changes and predispose individuals to
disease later in life [7]. Numerous non-Mendelian
features of metabolic syndrome, cancer, or central
nervous system disorders, clinical differences
between men and women or monozygotic twins
are associated with epigenetic effects of fetal and/
or lifelong nutrition [8]. One famous example of
nutriepigenomics is the development of a honeybee
into a queen or worker with identical genomes
following different feeding with royal jelly or a diet
of pollen and nectar, respectively [9].

Nutrients affecting one of the two metabolites
of the 1-carbon metabolism, S-adenosylmethionine,
rved. www.co-clinicalnutrition.com
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KEY POINTS

� The action of many bioactive substances is specific to
enzymes and proteins involved in the regulation of
different components of the epigenome, interaction with
other nutrients and lifestyle factors in physiological and
pathological conditions must be taken into account,
as well.

� In addition, to the nutrition of an individual, we have
to consider also transgenerational, prenatal, and
postnatal effects as epigenetic alterations in critical time
points during development can result in stable changes
and predispose individuals to disease.

� Transgenerational epigenetic inheritance can result
from a variety of environmental manipulations in either
parent, although little is known about the duration
of maintenance.

� ‘Early life programming’ terms the phenomenon of
prenatal and early-postnatal influences, for example,
nutrition, to certain diseases later in life.

� Although more stable, the epigenetic marks in
adulthood are also dynamic and modifiable by
environmental factors including diet.

Genes and cell metabolism
an ubiquitous methyl donor, or S-adenosylhomo-
cysteine, an inhibitor of methyltransferases, poten-
tially alter the methylation of DNA and histones.
Methylated promoter and other regulatory regions
of a gene are usually associated with gene repres-
sion, whereas DNA demethylation within these
regions leads to gene activation [2]. Polyphenols,
including curcumin, genistein, epigallocatechin
gallate (EGCG), resveratrol, and equol, are well
known for their beneficial effects via modulation
of nuclear factor kappa B (NF-kB) expression, chro-
matin remodeling through regulation of histone
deacetylase (HDAC), and DNA methyltransferase
activities. Components such as gut microbial deri-
ved butyrate, sulforaphane, and curcumin affect
histone acety transferase (HAT) and/or HDAC activi-
ties leading to changes in chromatin structure. Vita-
mins like biotin, niacin, and pantothenic acid,
influence histone modifications, for example, biotin
influences histone biotinylation and niacin histone
ADP-ribosylation. Resveratrol, butyrate, sulfora-
phane, and diallyl sulfide inhibit HDACs, whereas
curcumin inhibits HATs [4]. Although the action of
many bioactive substances is specific to enzymes
and proteins involved in the regulation of different
components of the epigenome, interaction with
other nutrients and lifestyle factors in physiological
and pathological conditions must be taken into
account as well [4]. In addition, epigenetic com-
ponents exert effect over each other. It adds an
2 www.co-clinicalnutrition.com
additional layer of complexity to the action of epi-
genetically active nutrients. Studies demonstrate
that DNA methylation and histone modifications
that act together to establish chromatin structure
are involved in miRNA regulation and vice versa
[10]. Thus, deeper knowledge of bioactive nutrients/
diets for characterization of their effects on the
epigenome modifying enzymatic activities (acety-
lation, methylation, phosphorylation, ribosylation,
oxidation, ubiquitination, and sumoylation) influ-
encing drug absorption, distribution, metabolism,
and excretion is needed [4].

The present review summarizes the most recent
knowledge of epigenetic active nutrients/diets in
regard to their role in the epigenetic control of
human diseases focusing on three of the worldwide
most common disorders: cancer, metabolic syn-
drome, and neurodegenerative diseases (Table 1)
[11–15,16

&&

,17,18
&

–20
&

,21,22,23
&

,24
&

,25,26].
TRANSGENERATIONAL EFFECTS

The belief of a wiped epigenetically clean embryo
shortly after fertilization is recently disproved by
the discovery of transgenerational effects. This
transgenerational inheritance is due to incorrect
deletion of epigenetic marks generated by the
behavior and nutrition of previous generations
[27]. After fertilization, the global DNA methylation
is suggested to be deleted [28

&

] either the regulation
of histone modifications is rather unknown. Studies
on ‘the Dutch famine of 1944’ increased the evi-
dence of transgenerational inheritance, starvation
in one generation affects the health of the grand-
children [29].

Postnatal maternal care or maternal separation
induced depressive-like behavior or increased risk-
taking behavior in two generations of the offspring
through increased DNA methylation of the chroma-
tin regulator methyl cytosine-guanine dinucleotide
(CpG) binding protein 2 together with a decreased
methylation status of a stress hormone receptor, the
corticotropin releasing factor receptor 2 [11]. Influ-
encing factors like nutritional interventions (caloric
restriction or fat-rich or carbohydrate-rich diet),
endocrine disruptors, maternal diabetes, behavioral
programming (maternal care), glucocorticoids and
exercise, stress during pregnancy and lactation may
all cause imprinting in the following generation(s)
[30]. Implication of the F3 generation is rare and
reported results are conflicting [31]. Transmission
down the female line is reproducible as one gener-
ation resides inside another generating a cascade of
transplacental metabolic effects down the gener-
ations, although little is known about imprint estab-
lishment or deletion from a father and implication
Volume 18 � Number 00 � Month 2015
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Table 1. Influencing factors and their effects

Influencing factors Model Effects Reference

Transgenerational effects

postnatal maternal care
or maternal separation

mice depressive-like behavior or increased risk-taking behavior
in two generations through DNA increased methylation
of MeCP2, decreased methylation of CRFR2

[11]

overeating of the paternal
grandfather or father

human higher risk for cardiovascular diseases or diabetes [12]

restricted food availability during
father’s slow growth period

human reduced cardiovascular risk in offsprings [12]

Prenatal–Postnatal

Maternal protein malnutrition mice hypomethylation of the CpG islands in the promoter
regions of ACE-1

[13]

decreased nutrient intake of the
mother

humans reduction in methylation of IGF2R in girls and
GTL2-2 in boys

[14,15]

poor prenatal nutrition humans fetal growth restriction, LBW, postnatal reproductive
dysfunction and poor pregnancy outcomes

[16&&]

intrauterine growth restriction
during the pregnancy

humans downregulation of DNA methylation in the
HNF4a gene of blood stem cell

[17]

alcohol consume during pregnancy humans hypermethylation of POMP promoter [18&,19&]

breastfeeding rats higher plasma cholesterol and lower HDL values [20&]

Adulthood

annurca apple in the diet mice, human colorectal
cancer cell lines

lower incidence of colorectal cancer; activation of
methylation-silenced tumor suppressor genes

[21]

apple extract supplementation
(chlorogenic acid, phloridzin,
quercetin, catechin, epicatechin,
procyandiin, rutin)

rats decreased methylation in leptin promoter region,
body weight gain prevention and improved
hyperglycemia, hyperleptinemia, and insulin
resistance

[22]

pill combining four foods:
pomegranate, green tea,
turmeric, broccoli

humans decrease in markers of prostate cancer [23&]

coffee consumption humans decreased risk of liver cirrhosis and hepatocellular
carcinoma

[24&,25]

supplementation with resveratrol humans improved metabolic functions [26]

ACE-1, angiotensin converting enzyme-1; CpG, cytosine-guanine dinucleotide; CRFR2, corticotropin releasing factor receptor 2; GTL2-2, Gon-Two Like; HDL, high
density lipoprotein; HNF4a, hepatocyte nuclear factor 4 alpha; IGF2R, insulin-like growth factor 2 receptor; LBW, low-birth weight; MeCP2, methyl CpG binding
protein 2; POMP, proteasome maturation protein.

Nutriepigenomics Remely et al.
of epigenetic marks in sperm DNA are suggested.
Evidence arises from a study conducted in Överkalix
in 1890, 1905, and 1920 up until death or 1995.
Overeating by the paternal grandfather or of the
father induced higher risk for cardiovascular dis-
eases or diabetes, whereas restricted food availability
during the father’s slow growth period reduced
the cardiovascular risk in the offspring. The results
suggest early adolescence as an important period
for nutrient response in ways that potentially affect
future generations [12]. Thus, transgenerational
epigenetic inheritance can result from a variety
of environmental manipulations in either parent
with a possible evolutionary advantageous but also
erroneous transmission. Although little is known
about the duration of maintenance and how the
marks and signals are deleted or reset as well as
1363-1950 Copyright � 2015 Wolters Kluwer Health, Inc. All rights rese
how many generations the epigenetically inherited
phenotype lasts.
PRENATAL: POSTNATAL

Although the prenatal period and adulthood are
very distant from each other, there is an important
correlation between those two key phases in life.
More and more evidence is accumulating, pointing
to the important fact that prenatal and early-post-
natal nutrition plays a critical role in determining
susceptibility to certain diseases later in life. This
phenomenon was termed as ‘early-life program-
ming’ [32

&

]. Substantial indications for this theory
are collected in the field of metabolic diseases, such
as obesity, dyslipidemia, hypertension, hyperinsu-
linemia, taken together as metabolic syndrome, as
rved. www.co-clinicalnutrition.com 3
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Genes and cell metabolism
well as in the field of cardiovascular diseases [33].
There are some hypotheses trying to explain this
connection between early-life circumstances and
the incidence of maladies in adulthood. One idea
proposes that there is an association between poor
growth in utero and in infancy, and a higher risk of
developing metabolic syndrome in adulthood as
discovered in epidemiological research. This might
be explained easily by the idea of ‘thrifty phenotype
hypothesis’ – metabolic homeostasis is disrupted
due to a poor nutrient availability later in life
leading to the presence of metabolic disease [34].
Current research in animal models demonstrates
that early inadequate nutrition, including parental
conditions, lifestyle, nutritional supplements,
therapeutically potent substances, not to forget
psychological stress, probably alter specific proc-
esses through epigenetic marks with lifelong influ-
ence on distinct functions [35,13]. For example, it
has been shown in mice that protein malnutrition
in pregnant mice causes significant gene expression
changes, miRNA changes, and different DNA meth-
ylation patterns in brains of the offspring [13]. More-
over, there has been evidence showing, that a
maternal high-fat diet influences specific epigenetic
mechanisms in fetal epigenome [36]. Another fact
comes from human study in which the authors have
shown that administration of folic acid before and
during pregnancy is related to increased methyl-
ation at differentially methylated region of insu-
lin-like growth factor 2 (IGF2) in the child [37].
Even some micronutrients have been shown to
importantly influence early epigenetic status. For
example, vitamin B12, B6, B2, choline, betaine,
and methionine are all involved in maintenance
of DNA methylation signatures. The availability
through maternal diet has been shown to directly
influence not only gene expression, but have an
effect on the infants’ phenotype, as well. Adult off-
spring were heavier and had a higher fat content,
also displaying insulin resistance and elevated blood
pressure. Their immune response was significantly
altered, as well [4]. Another example of the effects of
decreased nutrient intake during gestation is shown
in the epidemiological studies in Gambia. They
suggest a correlation between the reduction of
micronutrients during preconception and the phe-
notype of the offspring. This malnourishment leads
to a reduction in methylation in two regions in a
sex-specific manner, namely IGF2 receptor in girls
and Gon-Two Like 2 in boys. These genes have an
important role in the regulation of blood glucose
levels and in the growth, respectively [14,15]. The
cell population in which equilibrium of nutrients is
crucial is the stem cell population. Current research
suggests that early-life events such as poor prenatal
4 www.co-clinicalnutrition.com
nutrition have significant effects on the reproduc-
tive maturation of the offspring leading to maladies
such as fetal growth restriction, low-birth weight,
postnatal reproductive dysfunction and poor preg-
nancy outcomes and may even contribute to early
aging and menopause [16

&&

]. Complementing these
results is the study of Einstein et al. [17], suggesting
that dysregulation of DNA methylation in the hep-
atocyte nuclear factor 4, alpha gene in the blood
stem cell population [CD34 (cluster of differen-
tiation) positive cells] is a result of intrauterine
growth restriction. Another factor that plays a role
during embryogenesis is consumption of alcohol by
the mother during pregnancy that can lead to so
called fetal alcohol spectrum disorder (FASD). Pre-
natal exposure to alcohol epigenetically modulates
proteasome maturation protein neurons, which are
essential in the control of adult behavior. Identify-
ing the epigenetic mechanisms controlling these
neurons would be of great importance [18

&

,19
&

].
The fact that breastfeeding is beneficial for the
offspring is well established. Research in rats has
demonstrated that early weaning increases plasma
cholesterol and decreases high density lipoprotein
values. These results confirm that the mother’s
milk is essential for the offspring’s ability to encoun-
ter and overcome nutritional irregularities later
in life [20

&

].
ADULTHOOD

Aberrations in the epigenome during development
and early life play a role in genome adaptation to
external stimuli, and if they persist, they may result
in adverse effects and disease later in life. However,
reversibility of altered gene expression has been
demonstrated not only during development but also
later in adulthood. Exposure to environmental cues
such as diet can result in changes in the epigenome
and specifically the methylome (DNA methylation
patterns), which alters gene expression profiles and
other genome functions, leading to prevention of
health deterioration with existing evidence in can-
cer, metabolic syndrome, and neurodegenerative
diseases. Lower incidence of colon inflammation,
which is considered as an initial step leading to
colorectal cancer, has been linked to the presence
of Annurca apple in the diet in the population of
southern Italy in comparison with the rest of the
Western world [21]. Purified polyphenols such as
resveratrol, genistein, and EGCG present in grapes,
soybeans, and green tea, respectively, were also
shown to reverse DNA methylation-mediated
silencing of tumor suppressor genes in many cancer
types that resulted in decreased uncontrolled cell
growth [38,39]. A dietary supplementation with
Volume 18 � Number 00 � Month 2015



CE: Tripti; MCO180401; Total nos of Pages: 6;

MCO180401
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apple extracts (chlorogenic acid, phloridzin, quer-
cetin, catechin, epicatechin, procyandiin, rutin)
decreased the methylation of two CpG sites in the
leptin promoter resulting in body weight gain pre-
vention and improved hyperglycemia, hyperlepti-
nemia, and insulin resistance [22]. An increase in
leptin production can be also induced by short
chain fatty acids (SCFAs) together with higher
expression of free fatty acid receptor 3 [40

&

], indi-
cating that supplementation with SCFAs or nutri-
tional interventions stimulating gut microbial
butyrate producers might help to improve the
sensitivity or the production of leptin [41]. A com-
bination of four foods rich in polyphenols, pome-
granate (ellagitannins), green tea (catechins),
turmeric (curcumin), and broccoli (sulforaphane),
concentrated into a pill, decreased markers of pros-
tate cancer growth by a median of nearly 64% in
double-blind placebo-controlled randomized trial
[23

&

]. All four polyphenols have been demonstrated
in multiple in-vitro and/or in-vivo studies to affect
all three components of the epigenome, DNA meth-
ylation, histone marks, and microRNAs [42–45].
Several studies consistently show that coffee
drinkers with chronic liver disease have a reduced
risk of cirrhosis and a substantially lower incidence
of hepatocellular carcinoma regardless of primary
cause [24

&

]. Furthermore, coffee drinkers have 13–
18% lower overall risk of cancers [25]. As health
impacts of caffeinated and decaffeinated coffee are
similar, anticancer effects of coffee appear to be
related to polyphenols, such as chlorogenic acid
and caffeic acid. Both compounds are excellent
substrates for catechol-O-methyltransferase, which
affects the pool of methyl donors in a cell and
subsequently changes epigenetic methyl marks in
DNA [46]. Polyphenols also exert beneficial effects
in metabolic disorders through activating AMPK–
SIRT1–PGC1alpha axis, which was shown in obese
individuals. PGC1alpha is crucial for mitochondrial
function and is controlled by epigenetic mechan-
isms [26]. Gut microbiota is also known for an
aberrant composition, for example, increased Firmi-
cutes/ Bacteroidetes ratio, due to metabolic syndrome,
Western diet, with a possible influence on methyl-
ation patterns of Toll-like receptor (TLR) 2 and TLR4
affecting NFk-B, low-grade inflammation [40

&

].
CONCLUSION

In conclusion, it is evident that nutrients and bio-
active food components interact with the genome
through epigenetic alterations leading to different
gene expression patterns. Thus, different epigenetic
patterns provide information on dietary habits
but also on the prospect of optimized dietary
1363-1950 Copyright � 2015 Wolters Kluwer Health, Inc. All rights rese
interventions for prevention and therapy in numer-
ous diseases.
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